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τpulse > |τi+1 − τi| (2)








































































































































a(t) = [exp(−jω1(t)), exp(−jω2(t)), . . . , exp(−jωQ(t))] (17)
4 SNR =∞dB SNR = 15dB
NT = 2 2 ∆τ = τ0/8 τ0
SNR = 15dB
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4: MUSIC (( ) SNR =∞dB( )SNR = 15dB)
2.4 MLICA MUSIC
(Maximum Likelihood
Independent Component Analysis; MLICA)
[5] ICA
Zn
Z = [Z1,Z2, . . . ,ZL′ ]
T
Zn = [Z (n∆ω) , Z ((n+ 1)∆ω) , . . . , Z ((n+Q− L′)∆ω)]





































( )tymusic2 ( )ty L′music
5: MLICA MUSIC
NT = 2 2 ∆τ = τ0/8 SNR = 15dB
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Output 2 Output 1
Output 2
















ym = am1x1 + am2x2 + · · ·+ amNxN + em (21)
xi ai e
y = Ax+ e (22)
y x e
y = [y1, . . . , yM ]
T (23)
x = [x1, . . . , xN ]
T (24)
e = [e1, . . . , eM ]
T (25)
10
A M×N M ≥ N




y = Ax 0 l0
l0
xˆ = arg min
x
|x|0 subj.to y −Ax (26)
|x|0 x 0 l0
(26) OMP(Orthogonal
Matching Pursuit) [12] OMP y−Ax
l0 l1
xˆ = arg min
x
|x|1 subj.to y −Ax (27)
l1
|x|1 = |x1|+ · · ·+ |xN | (28)
(27)
[13]
xˆ = arg min
x
(




































9 (a) 9 (b)
(27) l1 9 (c) l2 9 (d)





9 (d) (58) l1
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9: ((a) (b) (27) l1
(c)l2 (d) (58) l1 )
A
[15]
y = Ax xˆ
Ax′ = 0 x′ y = Ax
xˆ (xˆ+ x′) A
y x Ax′ = 0 x′
y x
[16] (RIP: Restricted
Isometry Property) [15] RIP δRIP
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µ (A) [17] µ (A)






δRIP ≤ µ (A)K (32)









h (k) θ (n− k) + e (n) (33)







ai i NT τi i
(33)
x = [x(1), · · · , x(N)]T = Φθ + n (35)
θ = [θ(−K), θ(−K + 1), · · · , x(N − 2), x(N − 1)]T (36)
n = [e(1), · · · , e(N)]T (37)
x θ n K N
Φ
N × (N +K)
Φ =

h(K) · · · h(0) 0 · · · · · · 0
0 h(K) · · · h(0) 0 · · · 0
. . .
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10: (( ) SNR =∞dB( )SNR = 15dB)
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h (k∆tAD) θ (n∆tAD − k∆tAD) + e (n∆tAD) (44)
tAD A/D K h (∗)




x = Φθ + e (45)
x θ e
r = [r(1), · · · , r(N)]T = Φθ + n (46)
θ = [θ(−K), θ(−K + 1), · · · , x(N − 1), x(N)]T (47)




h(K) · · · h(0) 0 · · · · · · 0
0 h(K) · · · h(0) 0 · · · 0
. . .
0 · · · · · · 0 h(K) · · · h(0)
 (49)
19
NNT ¿ N θ
3.2




























ADt∆Time [       ]
0    1     2 3  4     5  6 7 8     9    10  11   12   13   14   15   16   17   18   19   20
)( ADtnx ∆
ADt∆Time [       ]
0    2 5  7 8           10  14   15          17          19   20
13:













































Time of arrival estimation via Compressed Sensing











































 1 (0 ≤ t ≤ K)0 (otherwise) (54)











+ 1 (0 ≤ n∆t ≤ 1.5τ0)





(n∆t− 14.5τ0) + pi2
)
+ 1 (14.5τ0 ≤ n∆t ≤ 16τ0)
(55)
16 (55) 17
18 SNR =∞dB MUSIC MLICA MUSIC
NT = 2 ∆τ = τ0/8 ∆t = τ0/16
512 256
λ = 0.5 ν = 0.01 MUSIC MLICA
MUSIC





















(SNR; Signal to Noise Ratio)






































































18: SNR = ∞dB ((a) :MUSIC (b)















































19: SNR = 15dB ((a) :MUSIC (b)
:MLICA MUSIC (c) : (d) )
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0.6) (γ = 0) ²
22
(50) µ(R)
θˆ = arg min
„
(
















                                                  .Original CS
Proposed (Frequency Based CS)



























25 ∆t = τ0/16
θˆ = arg min
„
(

















H(∆ω) 0 · · · 0
0 H(2∆ω) 0 0
. . .





∞dB MUSIC MLICA MUSIC
26 SNR =∞dB
2 ∆τ = τ0/8
∆t = τ0/16 λ = 0.5 β = 0.01
MUSIC MLICA MUSIC
26 SNR =∞dB
























































26: SNR = ∞dB ((a) :MUSIC (b)















































27: SNR=15dB ((a) :MUSIC (b)
:MLICA MUSIC (c) : (d) )
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∆τ = τ0/8 2
β 30 SNR




























































Proposed   3
32: SNR ²
































Proposed 2 Proposed 3
33: SNR=35dB (( ) 2 ( ) 1+2)
2
3 1 2
32 1 2 3 SNR ² 32 3

































































∆τ = τ0/8 2
38
)( tnx ∆






Multiple phase shifted signals are generated






∆t = τ0/16 4 ∆t/4
λ = 0.5 38 SNR =∞dB
∆ = 0 ∆ = ∆t/4 ∆ = ∆t/2
∆ τ1 38
∆ = ∆t/2 2
∆ 6= 0 2
² 39 SNR = ∞dB ∆









(τTruei − τˆi)2 (61)
































































Actual distribution Actual distribution 








38: ∆τ = τ0/8 SNR =∞dB
40 SNR =∞dB ∆ ²time 40
²time ∆ = ∆t/2 ²time
38 2




















39: SNR =∞dB ²
















40: SNR =∞dB ²time
41
SNR (56) SNR =
15dB 42 SNR = 15dB ∆ = 0 ∆ = ∆t/4





∆t = τ0/16 25.05 512


























43 SNR ² 100
43
∆ 6= 0
SNR = 15dB ² ∆ = 0
∆ = ∆t/4 ∆ = ∆t/2 ∆ = 3∆t/4
∆ = 0
SNR ²time 44 SNR ²time
SNR 100
44 ∆ = 0
∆ = ∆t/4 ∆ = ∆t/4
42









































































42: ∆τ = τ0/8 SNR = 15dB
0 5 10 15 20 25 30 35 400
0.05
0.1












2 ∆ = ∆t/2
43




















44: SNR ²time( ∆τ = τ0/8)























45: SNR ( ∆τ = τ0/8)
SNR = 20dB ∆ = ∆t/2
SNR =∞dB 2 SNR
2
2 SNR = 20dB
43 44 45
∆ 6= 0
τ1 = 4τ0 τ2 =
(4 + 1/8)τ0 + 0.5∆t ∆τ0






















46: ∆τ = τ0/8 + 0.5∆t SNR = 15dB
2
46 SNR = 15dB ∆ = 0
46 τ2
2
²time = 0 ∆τ 6= n∆t
SNR
² 47 47 ∆ = 0 ∆ = ∆t/2
∆ = ∆t/4 ∆ = 3∆t/4 ² ∆ = 0 ∆ = ∆t/2
















47: SNR ²( ∆τ = τ0/8 + 0.5∆t)




















48: SNR ²time( ∆τ = τ0/8 + 0.5∆t)
τ1 = 4τ0 + 3∆t/16 τ2 = (4 + 1/8)τ0 + 3∆t/16
4
∆t/4

















































50: ∆τ = τ0/8 SNR = 15dB



















51: SNR ²( ∆τ = τ0/8 ∆ = 3∆t/16)




















52: SNR ²time( ∆τ = τ0/8 ∆ = 3∆t/16)






























4 55 SNR ²










via Compressed Sensing 
in frequency domain






















Proposed 1   +  4 Proposed 2   +  4
Multiple phase shifted signals
are generated
Integration of multiple outputs








Integration of multiple outputs






3 4 59 SNR ²
55 57 59 4
∆ 6= 0 60










0.12                                          .
Proposed 1 +  4
Proposed 1   (∆=3∆t/4)
Proposed 1   (∆=∆t/4)
Proposed 1   (∆=∆t/2)
Proposed 1   (∆=0)
55: 1 4 SNR ²


















Proposed 1 +  4
Proposed 1   (∆=3∆t/4)
Proposed 1   (∆=∆t/4)
Proposed 1   (∆=∆t/2)
Proposed 1   (∆=0)
56: 1 4 SNR
50
εSNR [dB]







0.14                                          .
Proposed 2 +  4
Proposed 2   (∆=3∆t/4)
Proposed 2   (∆=∆t/4)
Proposed 2   (∆=∆t/2)
Proposed 2 (∆=0)


















                                   .
Proposed 2 +  4
Proposed 2   (∆=3∆t/4)
Proposed 2   (∆=∆t/4)
Proposed 2   (∆=∆t/2)
Proposed 2 (∆=0)
58: 2 4 SNR
4 61 SNR














0.14                                          .
ε
SNR [dB]





59: 3 4 SNR ²
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60: 3 4 SNR
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Proposed 3   +  4
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Proposed 2 +  4
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